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H I G H L I G H T S  
• Complete impedance equivalent circuit for thermoelectric devices characterization. 
• Influence of metallic contacts and all thermal contact resistances included. 
• Metal/thermoelement thermal contact resistance determined in 3 different modules. 
• The new equivalent circuit assesses devices in detail in a single measurement.  








A B S T R A C T   
Thermoelectric devices are widely used as solid-state refrigerators and have potential energy generation appli-
cations. Their characterization is key to develop more efficient devices and monitor their performance. Electrical 
impedance spectroscopy has been proved to be a useful method for the characterization of thermoelectric 
modules. However, deviations from current impedance models still exist in experimental results, especially in the 
high frequency part of the impedance spectrum, which limits its use. Here, we present a new comprehensive 
impedance model (equivalent circuit) which covers all the key phenomena that affects the module performance, 
and it is able to explain the observed deviations. The new equivalent circuit includes, as new additions, the 
thermal influence of the metallic strips (electrodes), combined with the thermal contact resistance between the 
metallic strips and the outer ceramic layer. Moreover, a new more accurate spreading-constriction impedance 
element, which considers the variation of the heat flow in the radial direction at the outer ceramic surfaces, is 
also developed. The comprehensive equivalent circuit was used to perform fittings to impedance spectroscopy 
measurements of modules fabricated by different manufacturers. From the fittings, it was possible to identify, 
among other key properties, the internal thermal contact resistances, whose direct determination is very chal-
lenging. Thermal contact resistivities at the metallic strips/thermoelectric elements interface in the range 2.20 ×
10-6-1.26 × 10-5 m2KW− 1 were found. An excellent thermal contact was identified at the metallic strips/ceramic 
layers. This opens up the possibility of using impedance spectroscopy as a powerful tool to evaluate, monitor, and 
identify issues in thermoelectric devices.   
1. Introduction 
Thermoelectric (TE) devices can directly convert heat into electricity 
and vice versa. They are widely used as solid-state refrigerators and have 
potential energy generation applications, such as spacecrafts, exhaust 
gases from industries and automobiles, body heat, solar generators, etc. 
[1,2]. To evaluate the energy conversion efficiency of TE materials, the 
dimensionless figure-of-merit zT = S2σT/λ is typically employed, where 
S is the Seebeck coefficient, σ the electrical conductivity, λ the thermal 
conductivity, and T the absolute temperature. While at a material level 
different measuring techniques are well established [3], it does not exist 
an international standard method to characterize TE devices [4]. Solving 
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this widely recognized problem is critical, as device-level characteriza-
tion is needed to validate the implementation of novel TE materials [5], 
guide system design [6], perform device quality control, and monitor 
device performance and its possible degradation [4]. It is therefore 
crucial for the development of the TE technology to achieve standard-
ized, accurate and easy-to-implement characterization methods. 
Current measurement methods have several disadvantages which 
limit their use: they usually require intricate and expensive experimental 
setups, the use of multiple measuring systems, and are known to 
potentially have large uncertainties [4,7]. In recent years, electrical 
impedance spectroscopy has been successfully used to measure the 
dimensionless figure of merit zT of TE modules [8–11]. In addition, the 
possibility of performing a complete characterization of TE devices 
(determination of the internal ohmic resistance, the average Seebeck 
coefficient and thermal conductivity of the TE legs, and zT) under sus-
pended conditions if the thermal conductivity of the ceramics is given, 
has been demonstrated [12–15], without the need of multiple measuring 
systems. To perform the complete characterization, an ideal equivalent 
circuit was proposed by us [12], which was obtained by solving the heat 
equation in the frequency domain. Obtaining the system equivalent 
circuit is important, since once known, characterization can be per-
formed by fitting the experimental data to the equivalent circuit. In that 
study [12], the TE device was thermally modelled by considering mul-
tiple TE legs in contact with outer ceramic layers of same cross-sectional 
area, which led to an equivalent circuit formed by a resistor in series 
with the parallel combination of constant-temperature and adiabatic 
Warburg elements. 
The ideal model was improved by adding spreading-constriction ef-
fects [13,16], which take into account the differences in the cross- 
sectional area between the TE legs and the outer ceramic layers. 
Another improvement of the ideal model was obtained by adding the 
convection effect at the outer ceramic surfaces [17]. Three new elements 
in the equivalent circuit were obtained due to this effect. A more 
comprehensive equivalent circuit included the radiation effect [18] in 
conjunction with the spreading-constriction and the convection phe-
nomena [13]. Also, it has been included recently the effect of the 
metallic strips (electrodes), assuming they behave like a capacitor, and 
the presence of a thermal contact resistance between the thermoele-
ments and the electrodes [19]. Apart from these models under sus-
pended conditions, we have recently reported an electrical impedance 
equivalent circuit of a module attached to heat sinks at both sides, which 
takes into account the effect of a thermal contact resistance between the 
outer ceramic surfaces and the heat sinks [20]. 
It is worth mentioning that the spreading-constriction impedance 
was previously reported [13] considering that the heat flux at the outer 
ceramic surfaces is uniform, which is only true for TE modules sus-
pended in vacuum (without convection) and at room conditions 
(assuming radiation negligible). An alternative spreading-constriction 
impedance expression was obtained [16] considering that the temper-
ature at the outer ceramic surfaces is uniform, but only a perfect contact 
with an ideal heat sink could achieve such condition, and this expression 
also fails to cover intermediate cases. 
In this work, we present experimental electrical impedance mea-
surements performed at different TE modules that show features, 
specially at high frequencies, which cannot be explained by current 
impedance models. This limits the possibility of widely using this highly- 
beneficial method for TE module assessment. To avoid this, and to 
explain the different features experimentally observed, we have devel-
oped a new more comprehensive equivalent circuit that includes all the 
key phenomena affecting the TE module performance. Namely, the ef-
fect of the thermal contact resistance between the TE legs and the 
metallic strips that connect them, the own electrodes contribution, and 
the thermal contact resistance between the electrodes and the outer 
ceramic plates. Moreover, a new spreading-constriction impedance 
element, which considers the variation of the heat flux in the radial 
direction at the outer ceramic surfaces, is obtained to cover non-ideal 
cases. This new equivalent circuit, which also includes convection and 
radiation effects previously developed, and the inductive phenomena 
existing at the highest frequencies [21], allows the analysis of the 
different characteristic features experimentally observed, which was not 
possible before with the previous models. Furthermore, the new 
equivalent circuit was also used to perform fittings to TE modules from 
different manufacturers to determine their internal thermal contact 
resistance. The fact that impedance spectroscopy can identify and 
quantify all these phenomena, in addition to its capability to accurately 
measure the module zT from a single and simple measurement, opens up 
the possibility of using this method as a standard quality control tool, 
able to identify and monitor in detail issues in TE modules in energy 
applications. 
2. Theoretical model 
In order to obtain an electrical impedance model which includes all 
the key phenomena that can be relevant in standard TE devices, the 
model shown in Fig. 1 was considered, which consists of a cylindrical TE 
leg of cross-sectional area A and length L, contacted by two metallic 
strips (usually copper) with a slightly larger cross-sectional area A/ηM 
(being ηM the ratio between the area of all the TE legs and the area of all 
the metallic strips) and length LM, and two external ceramic layers of 
cross-sectional area A/η (being η the filling factor of the TE module, i.e. 
the ratio between the area of all the TE legs and the ceramic area, 
typically around 0.3), and length LC. The use of cylindrical legs has been 
previously adopted [13,16] and has also shown to have no significant 
differences with respect to a prismatic geometry [22], and it simplifies 
the thermal spreading-constriction analysis. 
At both sides of the metallic strips, the possibility of having a thermal 
contact resistance is considered, including rTC1 and rTC2 as thermal 
contact resistivities between the TE legs and the metallic strips, and 
between the metallic strips and the ceramic layers, respectively. In 
addition, radiation/convection effects are included around the TE legs 
(h), around the metallic strips (h1), at the inner ceramic surfaces (h2), 
and at the outer ceramic surfaces (h3), as shown in Fig. 1 [13,17,18], 
being approximately, 
h = hic + 4σBεTETinitial3 (1)  
h1 = hic + 4σBεMTinitial3 (2)  
h2 = hic + 4σBεCTinitial3 (3)  
h3 = hec + 4σBεCTinitial3 (4)  
where σB is the Stefan-Boltzmann constant, and εTE, εM, and εC the 
average equivalent emissivity of the TE legs, metallic strips, and external 
ceramic materials, respectively. The radiation expression assumes small 
temperature increase from ambient temperature, which is the case of 
impedance spectroscopy measurements, and has previously been 
employed in similar derivations [18]. Moreover, hic and hec are the 
average internal and external convection heat transfer coefficients, 
respectively, and are assumed to be constant. It is worth noting that the 
internal (-LM ≤ x ≤ L + LM) convection may be negligible in some cases 
(e.g. large amount of TE legs in the TE module or use of sealants), and 
the radiation effect depends strongly on temperature. 
Furthermore, a TE module sandwiched between heat exchangers that 
do not change their temperature (ideal heat sinks) with a thermal con-
tact resistivity rTC can also be considered at the outer ceramic surfaces 
instead of convection/radiation, being in this case h3 = 1/rTC [20]. Joule 
effect is neglected since the ac amplitude used in electrical impedance 
spectroscopy measurements is small and TE materials usually have 
relatively high electrical conductivity. It should also be noted that all the 
TE properties are considered temperature independent, and that the 
final response must be multiplied by the number of legs, 2 N (being N the 
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number of TE couples), since it is assumed that all the TE legs are 
identical. 
To account for the spreading-constriction impedance introduced at x 
= -LM, and at x = L + LM by the change of the cross-sectional areas, we 
have developed a new expression considering that the heat released/ 
absorbed at the outer external ceramic surfaces varies radially. It should 
be noticed that the spreading-constriction at x = 0 and at x = L can be 
neglected due to the typically high thermal conductivity of the metallic 
strips [16]. The new expression was obtained following a similar pro-
cedure used by Casalegno et al. [16], with the exception that no constant 




∂x = − θ3h3, (5)  
where θ3 is the temperature with respect to the initial temperature Tinitial 
in the frequency domain [θ=L (T-Tinitial)] at the outer ceramic surfaces, 
which may change radially. This change leads to a slightly larger 
expression for the spreading-constriction impedance (see its derivation 














with λC being the thermal conductivity of the ceramic layer, J0 and J1 
the first kind Bessel functions of order zero and one, respectively, rM and 
rC the equivalent radii of the metallic strip and ceramic layer, respec-











, (7)  
where j=(-1)0.5 is the imaginary number, ω the angular frequency (ω =
2πf, being f the frequency), and αC the thermal diffusivity of the external 
ceramic material. 
It is worth highlighting that Eq. (6) agrees with the solution obtained 
for constant heat flux at the outer external ceramic surfaces [13] when 
the convection/radiation effect is negligible (h3 → 0). It also agrees with 
the solution obtained for constant temperature condition on the same 
surfaces [16] when a perfect contact with a heat exchanger is considered 
(h3→∞). Finally, this expression agrees with the solution obtained by 
Yovanovich et al. [23] for steady state conditions (ω → 0). 




= RΩ + 2N
|S|[T(L) − T(0) ]
I0
= RΩ − 2N
2|S|[T(0) − Tinitial ]
I0
, (8)  
where V(0) and V(L) are the voltages at x = 0 and x = L, respectively, I0 
is the electrical current crossing the device at x = 0, RΩ is the total ohmic 
resistance of the TE module, which includes the contribution of all the 
TE legs, the metallic strips, the wires, and the electrical contact re-
sistances, S is the average Seebeck coefficient of the thermoelements, 
and T(0) and T(L) are the temperatures at x = 0 and x = L, respectively. 
It is worth noting that in Eq. (8) the temperature difference between the 
thermoelement sides can be determined from the temperature at x = 0, 
due to the anti-symmetry of the system at x = L/2 (see Fig. 1). 
To determine T(0) the two-dimensional heat equation in the fre-
quency domain for the three layers (thermoelements, electrodes and 
















θ, (9)  
where r and × are the radial and axial axis (shown in Fig. 1), respec-
tively, and αi the average thermal diffusivity of each material: TE legs (i 
= TE), metallic strips (i = M), and ceramic layers (i = C). 
However, averaging the temperature distribution over the equiva-
lent circular surface (θ) of radius rk (being k = TE for the TE legs, k = M 
for the metallic layers, and k = C for the ceramic layers), 




rθ(r, x, jω)∂r, (10)  
the two-dimensional heat equation given in Eq. (9) can be approximated 
to a one-dimensional heat equation [24], 
Fig. 1. Schematic view of the theoretical model considered in this analysis. A positive value of Seebeck coefficient and current is considered to represent the 
temperature profile (blue solid lines). The dotted line shows the plane where the temperature remains constant and the dashed line represents the initial temperature 
profile (no current applied). When current flows cooling occurs at x = 0 and heating at x = L due to the Peltier effect. 
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θ = 0, (11)  
with λi being the average thermal conductivity of each material, TE legs 
(i = TE), metallic strips (i = M), and ceramic layers (i = C), and hi the 
convection/radiation effects around the TE legs (h), and around the 
metallic strips (h1). Notice that the convection/radiation from the edges 
of the ceramics can be neglected and hence the term 2hi/(λirk) is not 
included for this layer (see Fig. 1). 
We can now make use of the definition of the total thermal admit-
tance y0 = ϕ0/θ0, being ϕ0 the heat power at x = 0 and θ0 = θ(x = 0) at 
the TE leg side. The total thermal admittance, is the series summation of 
the thermal admittance towards the TE element, yTE, and towards the 







Since the heat power at x = 0 is the Peltier heat [due to the small ac 
current amplitude applied, it is approximately ϕ0=-|S|Tinitiali0, being 
i0=L (I0)], Eq. (8) can be rewritten in the frequency domain as, 










For the determination of yTE and ye, the thermal quadrupole method 
was used [24]. In this method, the different equations are displayed in 
different matrices, where each matrix represents one layer (TE material, 
metal strip, or ceramic) or one thermal restriction (thermal contact re-
sistances, spreading-constriction impedance, and convection/radiation 
effects). The matrix that defines the TE elements admittance (1/yTE = θ0, 
TE/ϕ0,TE) is only considered until the half length of the TE layer, since a 
boundary condition at this position (x = L/2) exists due to the anti- 
symmetry [θ(L/2) = 0],  
where ωTE is the characteristic angular frequency [ωTE = αTE/(L/2)2], 
being αTE the average thermal diffusivity of the TE legs, λTE the average 
thermal conductivity of the TE legs, and ϕL/2 the heat flow in the fre-
quency domain at x = L/2. 
The matrix that defines the heat flow going towards the metallic strip 
(1/ye = θ0,e/ϕ0,e) is given by seven matrices, which must be written in a 
proper order. The first matrix corresponds to the thermal contact 
resistance between the TE layer and the metallic strip. The second ma-
trix corresponds to the metallic strip itself. The third one to the thermal 
contact resistance between the metallic strip and the ceramic layer. The 
fourth matrix is the spreading-constriction impedance of the heat 
entering the ceramic (which has a larger area than the metallic strip). 
The fifth one denotes the heat lost in the inner part of the ceramic due to 
convection/radiation. It should be noticed that in this matrix the area of 
ceramic considered to be exposed to inner convection is slightly higher 
than it should, since it also includes the exposed part of the metal (rM- 
rTE), which is adopted for simplicity. The sixth one relates to the ceramic 
layer. Finally, the seventh matrix corresponds to the boundary condition 
at x = -LM-LC, which describes the convection/radiation at the outer 
ceramic surfaces (ϕ3 = θ3h3A/η),  
where ωM = αM/LM2 (being αM the thermal diffusivity of the metallic 
layers), ωC = αC/LC2, λM and λC are the characteristic angular frequencies 
and thermal conductivities of the metallic strips and ceramic layers, 
respectively. 
Once the two admittances are defined, they are introduced in Eq. 
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parasitic inductance impedance (jωLp) is also added to this impedance 
function, which accounts for the inductive response at the highest fre-
quencies, being Lp the inductance [21]. After some algebraic steps, the 
equivalent circuit shown in Fig. 2a is obtained and takes the form, 
Z = jωLp +RΩ +
{




ZWa,M − 1 + ZTOT1 − 1
)− 1   
+
(




, (16)  
where RΩ is the total ohmic resistance of the TE device, and ZTOT1 and 
ZTOT2 are defined as, 
ZTOT1 = RTC2 +ZS/C
+
{
Rh2 − 1 +
[(










ZTOT2 − 1 = ZCTC2































































































Fig. 2. (a) Comprehensive equivalent circuit with all the key phenomena that can occur in thermoelectric devices. (b) Simplified equivalent circuit obtained when a 
thermoelectric device is suspended and convection and radiation effects are negligible. 
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ZCh2 =











































































































This equivalent circuit contains the total ohmic resistance (which 
includes contributions from the wires, the metallic strips, the TE legs, 
and the electrical contacts) of the TE device (RΩ), the constant- 
temperature Warburg element (ZWCT) due to the TE legs, and the adia-
batic Warburg element (ZWa) due to the external ceramics, which are the 
three elements of the ideal model [12]. It also contains the resistance Rh3 
= 4NS2Tinitialη/(h3A), the constant-temperature Warburg impedance 
ZWCT,C, and the capacitor Ch3 = Rh3/(RC2ωC). These 3 elements appear 
when heat is exchanged at the outer ceramic surfaces of the TE module 
(either by convection/radiation in suspended modules, or by the effect 
of heat sinks when they are contacted to the module) [13,17,20]. 
The resistance Rh2 = 4NS2Tinitialη/[h2A(1-η)], due to the heat removal 
on the inner ceramic surfaces, and the spreading-constriction impedance 
ZS/C, due to the effect of the area variation between the metallic strips 
and the external ceramics, are also present, as previously reported [19]. 
However, it should be noted that the position of Rh2 identified in the 
equivalent circuit in our analysis (in parallel with the combination of the 
four elements of the ceramics (ZWa, Rh3, ZWCT,C, and Ch3) and in series 
with ZS/C, see Fig. 2) is different from that shown in [19], where it is in 
parallel with ZS/C. This is due to a different position adopted here for the 
matrix of the spreading-constriction [between the zs/c and the external 
ceramic matrices, see Eq. (15)] which is more correct, since the heat 
losses from the internal surface of the ceramics is not possible if the heat 
flow is not spread. In any case, it is expected that this modification will 
not produce large deviations for commercial TE modules in suspended 
conditions, since the heat removal by the internal convection and ra-
diation effects is low and the thermal conductivity of the ceramics is 
high. 
The resistance RTC1 = 4NS2TinitialrTC1/A, due to the presence of a 
thermal contact resistance between the TE legs and the metallic strips, is 
also part of the equivalent circuit of Fig. 2. When this thermal contact 
exists, part of the heat flowing towards the ceramic is blocked. If this 
thermal contact is very large (RTC1→∞), the heat only flows towards the 
TE legs, and only the ZWCT element (in series with Lp and RΩ) is observed. 
On the other hand, if this thermal contact is negligible, RTC1 = 0, this 
element can be replaced by a short circuit (graphically it will be rep-
resented by a straight line in Fig. 2). The resistance RTC1 and ZWa,M, 
which can become a capacitor for metallic strips of high thermal con-
ductivity, as it is the case for copper [25], were previously identified 
when the effect of the metallic strips was taken into account in the 
impedance response [19]. 
In addition to all the aforementioned elements, nine new elements 
appear: two resistances (RTC2 and Rh3,M), one adiabatic Warburg 
element (ZWa,C,M), two constant-temperature Warburg elements (ZWCT,M 
and ZWCT,C,M), a new expression for the spreading-constriction imped-
ance (ZS/C,M), and three capacitors [CTC2 = RTC2/(RM2 ωM), Ch2 = Rh2/ 
(RM2 ωM), and Ch3,M = Rh3/(RM2 ωM)]. 
The resistance RTC2 = 4NS2TinitialrTC2ηM/A comes from the thermal 
contact resistance between the metallic strips and the ceramic layers, 
and it appears twice in the equivalent circuit since it is also present in the 
denominator of the capacitor CTC2 [see Eq. (30)]. RTC2 = 0 and becomes 
a short circuit if the thermal contact is negligible, but for a large thermal 
contact resistivity (RTC2→∞), it blocks all the heat flow towards the 
ceramic elements, leaving the contribution to the equivalent circuit of 
both the metallic strips and the external ceramics with only the adiabatic 
Warburg element of the metallic strips (ZWa,M) in series with RTC1, since 
ZCTC2 → 0. A more detailed information about the physical meaning of 
resistors and capacitors that come from the existence of a thermal con-
tact resistance can be found in ref. [20]. 
The elements ZWa,M, and ZWCT,M appear in the equivalent circuit due 
to the metallic strips, as it was the case in our previously published 
article when we added the effect of the convection at the outer ceramic 
surfaces to the ideal model [17]. The element Ch2 = λMρMCp,MAη/ 
[4NS2Tinitialηh2(1-η)ηM2 ] is a capacitor that it is influenced by two thermal 
parameters, h2 and the thermal effusivity of the metallic strips 
eM=(λMρMCp,M)0.5, Both h2 and e determine the temperature of the 
junction at the side of the metallic layer, which is eventually governed 
by the heat release/accumulation at the interface [20]. If the metallic 
strips are large, the accumulation of heat in Ch2 will be high, but that 
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accumulation will be lower when heat losses through the internal sur-
face of the ceramics increases (higher h2). The elements ZS/C,M, ZWCT,C,M, 
Ch3,M, ZWa,C,M, and Rh3,M appear in the equivalent circuit when the in-
fluence of the metallic strips cannot be neglected. It should be noticed 
that all these elements involve the properties of the metallic strips, and 
they disappear if the metallic layers are not present (LM = 0). 
It should be noted that when the TE modules are measured sus-
pended under vacuum (no convection), and the radiation is negligible, h, 
h1, h2, and h3 become zero, and the simplified equivalent circuit of 
Fig. 2b is obtained. This simplified circuit is easier to use at the time of 
performing fittings to extract the parameters of the system. 
3. Results and discussion 
In order to evaluate the capabilities of the new comprehensive 
equivalent circuit developed, the impedance response of three com-
mercial Bi-Te TE modules from different manufacturers were measured: 
Module 1 (Custom Thermoelectric, ref. 04801-933B-34RB), Module 2 
(Interm, ref. CBM-88), and Module 3 (European Thermodynamics, ref. 
693–7080). The dimensions, N, L, LM, LC, A, ηM, and η of the three 
modules can be found in Table 1. An Iac = 30 mA was used for the three 
TE modules after its optimization as described in ref. [26]. Amplitude 
optimization basically consists in identifying the lowest possible current 
amplitude (Iac) with no noise in the spectra. The frequency range from 
10 mHz to 1 MHz and 50 measuring points (logarithmically distributed 
in the frequency range) were chosen to ensure a proper number of points 
in the regions of interest in the spectra, mainly in the high frequency 
part. All the measurements were performed with the modules suspended 
under vacuum (<5x10-4 mbar) at room temperature with a 
PGSTAT302N potentiostat (Metrohm Autolab B. V.) equipped with a 
Table 1 
Specifications of the commercial TE modules used in this study.  
Name Size (mm2) N L (mm) LM (mm) LC (mm) A (mm2) ηM η 
Module 1 10 × 10 48 0.55 0.03 0.525 0.6 × 0.6 0.71 0.35 
Module 2 14 × 14 39 1.1 0.06 0.5 0.6 × 0.6 0.50 0.14 
Module 3 40 × 40 127 1.2 0.3 0.75 1.3 × 1.3 0.67 0.27  
Fig. 3. (a) Experimental impedance spectroscopy measurement of Module 1 (dots) and its fitting (line). (b) Impedance simulations obtained using the parameters 
resulting from the fitting in (a) and varying the rTC1 value. (c) Impedance simulations obtained using the parameters resulting from the fitting in (a) and for an 
inductance value Lp = 0. (d) Impedance simulations obtained using the parameters resulting from the fitting in (a) and varying the rTC2 value. The insets of all figures 
show a magnification of the high frequency part close to the intercept with the real axis. 
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FRA32M impedance module. 
Dots in Fig. 3a, Fig. 4a, and Fig. 5a show the experimental impedance 
spectrum of Module 1, Module 2 and Module 3, respectively. It can be 
observed that they all differ in their response at high frequency (inset of 
each figure). Fittings to these experimental results (lines in Fig. 3a, 
Fig. 4a, and Fig. 5a) were performed using the equivalent circuit of 
Fig. 2b by means of our own Matlab code (provided in the Supple-
mentary Information). When using the code, it is possible to choose the 
frequency range and the parameters to fit. Also, the code can be used to 
simply perform simulations. In the Supplementary Information, the 
experimental data of Module 3 is also provided as an example of 
experimental data. It should be noted that some points at the highest 
frequencies (4 points for Module 1 and Module 2, and 6 points for 
Module 3) were not fitted since they do not behave purely inductive. 
To obtain the fittings for the different modules using our Matlab 
code, we followed several steps. First, the specifications of each of the TE 
modules (see Table 1) were provided. Then, from all the different pa-
rameters that can be fitted (Lp, RΩ, rTC1, rTC2, S, λTE, αTE, λC, αC, λM, and 
αM), we selected the key ones to fit, and provided fixed values for the 
others. When the aim is to fit the experimental data to obtain the values 
of the internal thermal contact resistivities (rTC1 and rTC2), it is recom-
mended to fit Lp, RΩ, rTC1, rTC2, λTE, and λC, and maintain fixed S, αTE, αC, 
λM, and αM. It should be taken into account that since many processes 
overlap at the high frequency region, it will become very difficult to fit 
the experimental data leaving all the variables free in most of the cases, 
since the effect of the variation of one parameter can be vanished by the 
variation of another, and the fittings will converge in unrealistic solu-
tions. We provided the fixed values of αTE = 0.37 mm2s− 1, αC = 10 
mm2s− 1, λM = 400 Wm-1K− 1, and αM = 110 mm2s− 1. Fixed values of the 
Seebeck coefficients were also provided once obtained from their direct 
measurement, resulting in values of 222.24 µVK− 1, 193.65 µVK− 1 and 
191.72 µVK− 1, for Module 1, Module 2 and Module 3, respectively. 
When the fittings were performed in this way, the value of rTC2 
resulted in the order of 10-7 m2KW− 1, which is quite low, and with an 
error > 100% for the three TE modules evaluated. This indicate that 
such thermal contacts are really good and can be neglected. This is not a 
surprising result, since typically the most problematic junction in TE 
devices is the one formed by the metallic strips and the thermoelements 
[4,27], and the thermal contact between the metallic strips and the 
ceramic layer is more robust and less problematic. After reaching this 
result, we neglected rTC2 (it became fixed with a zero value) in a second 
fitting to all the modules. The results of these final fittings can be found 
in Table 2. 
All the values obtained in Table 2 are similar to typical values found 
in the literature [7,13,28,29]. It should be noted that rTC1 can be directly 
obtained from the fittings, which is very challenging to be determined by 
Fig. 4. (a) Experimental impedance spectroscopy measurement of Module 2 (dots) and its fitting (line). (b) Impedance simulations obtained using the parameters 
resulting from the fitting in (a) and varying the rTC1 value. (c) Impedance simulations obtained using the parameters resulting from the fitting in (a) and for an 
inductance value Lp = 0. (d) Impedance simulations obtained using the parameters resulting from the fitting in (a) and varying the rTC2 value. The insets of all figures 
show a magnification of the high frequency part close to the intercept with the real axis. 
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other methods. Moreover, this can be achieved from a single measure-
ment that only takes a few minutes and only involve suspending the 
module under vacuum and the measurement of its Seebeck coefficient. 
We would like to remark that the measurement of exceptionally good 
thermal contacts (contacts with very low thermal contact resistance) 
and/or different TE module geometries may produce smaller changes in 
the impedance spectra, which may be more difficult to fit. Furthermore, 
the values obtained from the fitting are the average properties of the 
entire TE module, so small local changes might not be sensed, specially 
of thermal parameters. It should be also noted that the developed 
equivalent circuit will not be adequate if deviations from the assump-
tions made in the theoretical model (e.g. significant differences in the TE 
properties of n and p-type legs, non-uniform leg cross-sectional area, and 
cylindrical module architectures) exist. 
It should be noticed that the rTC1 values are similar to the predicted 
values obtained using a qualitative method previously developed by us 
in a PhD thesis [30], although the methodology described in the thesis 
did not include the inductance contribution, which introduces 
deviations. 
Fig. 3b, Fig. 4b, and Fig. 5b show simulations which include the 
spectrum from the fitting to the experimental data and spectra simulated 
using the same parameters from the fitting but varying the rTC1 value. 
Fig. 3c, Fig. 4c, and Fig. 5c compare the fitted spectra with the simulated 
response without the inductance (Lp = 0). Finally, Fig. 3d, Fig. 4d, and 
Fig. 5d include simulations which include the spectrum from the fitting 
to the experimental data and spectra simulated using the same param-
eters than the fitting but varying the rTC2 value. 
For Module 1, it can be observed from the inset of Fig. 3b that a 
Fig. 5. (a) Experimental impedance spectroscopy measurement of Module 3 (dots) and its fitting (line). (b) Impedance simulations obtained using the parameters 
resulting from the fitting in (a) and varying the rTC1 value. (c) Impedance simulations obtained using the parameters resulting from the fitting in (a) and for an 
inductance value Lp = 0. (d) Impedance simulations obtained using the parameters resulting from the fitting in (a) and varying the rTC2 value. The insets of all figures 
show a magnification of the high frequency part close to the intercept with the real axis. 
Table 2 
Fitting parameters with their associated relative errors (in brackets) obtained for the three TE modules used in this study. The fittings were performed with the Matlab 
code provided in the Supplementary Information.  
Name Lp (H) RΩ (Ω) rTC1 (m2KW− 1) λTE (Wm-1K− 1) λC (Wm-1K− 1) 
Module 1 1.73 × 10-7 (1.17%) 1.71 (0.029%) 2.20 × 10-6 (5.89%) 1.68 (0.27%) 29.32 (0.53%) 
Module 2 2.26 × 10-7 (1.92%) 1.88 (0.044%) 5.29 × 10-6 (7.19%) 1.95 (0.89%) 28.00 (1.09%) 
Module 3 3.73 × 10-7 (2.86%) 2.00 (0.040%) 1.26 × 10-5 (4.33%) 1.32 (0.87%) 27.60 (1.12%)  
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variation of rTC1 towards higher values leads to smaller slopes and to a 
more linear trend, which also results in a larger size of this part of the 
spectra. In addition, as rTC1 is increased, it can be observed from Fig. 3b 
that the intercept with the real axis occurs at higher real impedance 
values, due to the overlap with the inductive part, which becomes 
slightly bent as rTC1 increases from 0 to 2.2x10-6 m2KW− 1. In Fig. 3c, it is 
shown the effect of the inductance. Its presence pushes the initial fea-
tures of the impedance spectrum that appears at the highest frequencies 
into the Z’’/Z’ quadrant. When this occurs, a slight tilting in the 
impedance response is observed before reaching the real axis (Z’’=0), 
instead of having a purely vertical trend. Finally, for Module 1, it can be 
observed from the inset of Fig. 3d the effect of the presence of rTC2, 
which increases the size of this part of the spectra, as occurred for rTC1 as 
well (see inset of Fig. 3b). Moreover, as rTC2 increases a more curved 
trend is observed, which is not the case for the experimental spectrum, 
which shows a more linear trend in this part (inset of Fig. 3a). For this 
reason, rTC2 was discarded by the fitting (relative errors > 100%) as it 
was mentioned above. 
A similar analysis to that performed for Module 1 can be applied to 
Module 2. As observed from the inset of Fig. 4b, higher values of rTC1 
result in a wider and more horizontal-like response, and the intercept 
with the real axis is again shifted by the presence of rTC1. From Fig. 4c, it 
can also be seen that the inductance pushes the initial features of the 
impedance spectrum into the Z’’/Z’ quadrant. Finally for Module 2, it 
can be observed from the inset of Fig. 4d that the effect of the presence of 
rTC2 induces a curvature and a larger size in the response of this part of 
the spectra, which is not the case for the experimental spectrum that 
exhibits a more horizontal-like trend in this part (see inset of Fig. 4a). 
This led to the rejection of rTC2 by the fitting. It should be noted from the 
analysis performed for modules 1 and 2 that even though the length of 
the metallic strips of these modules is short (see Table 1), the impedance 
method is able to distinguish between rTC1 and rTC2. 
Fig. 5 shows the experimental impedance response and simulations 
for Module 3. In the experimental response, it is observed from the inset 
of Fig. 5a a somewhat different pattern compared to the other two 
modules. An initial curvature is followed by a straight line. As it can be 
seen in the inset of Fig. 5b, the slope of the straight-line region decreases 
with rTC1, at the same time that this part of the spectra becomes larger. 
From the inset of Fig. 5c, it can be seen that the inductance pushes again 
the initial features of the impedance spectrum into the Z’’/Z’ quadrant, 
and in this case reduces significantly the size of the first curvature. 
Regarding the influence of rTC2, it is observed from the inset of Fig. 5d 
that rTC2 introduces a curvature in the straight-line region, which is not 
observed experimentally and hence was also rejected by the fitting as 
mentioned above. 
4. Conclusions 
A comprehensive equivalent circuit, which covers all the key phe-
nomena that affects the performance of thermoelectric modules, has 
been developed. The new equivalent circuit includes, as new additions, 
the thermal influence of the metallic strips, combined with the thermal 
contact resistance between the metallic strips and the outer ceramic 
layer. Moreover, a new more accurate spreading-constriction impedance 
element, which considers the variation of the heat flow in the radial 
direction at the outer ceramic surfaces, was also developed. Apart from 
these new additions, the equivalent circuit includes other key different 
elements previously reported. The developed equivalent circuit was 
used to fit experimental measurements of three commercial Bi-Te 
modules from different suppliers and their internal thermal contact re-
sistances were obtained. To perform the fittings, a new Matlab code has 
been created and made available (Supplementary Information). The 
fitting results revealed the presence of thermal contact resistances at the 
metallic strips/thermoelectric elements interface in all the commercial 
modules, with thermal contact resistivity values of 2.20 × 10-6, 5.29 ×
10-6 and 1.26 × 10-5 m2KW− 1 for the three modules. However, no 
significant influence of the metallic strips/ceramic layers thermal 
interface was identified. Moreover, it was found that the inductance of 
the system plays a crucial role at the highest frequencies, which may 
produce large deviations in the results if not considered. This study 
opens up the possibility of using impedance spectroscopy as a powerful 
tool to detect and measure thermal contact resistances inside thermo-
electric devices, which is very challenging for other techniques, and 
monitor in detail possible issues that could appear during their perfor-
mance or manufacturing process. 
CRediT authorship contribution statement 
Braulio Beltrán-Pitarch: Conceptualization, Methodology, Formal 
analysis, Software, Validation, Investigation, Data curation, Visualiza-
tion, Funding acquisition, Writing - original draft. Jesse Maassen: 
Validation, Formal analysis, Writing - review & editing. Jorge García- 
Cañadas: Conceptualization, Methodology, Validation, Formal analysis, 
Resources, Data curation, Writing - review & editing, Visualization, 
Supervision, Funding acquisition. 
Declaration of Competing Interest 
The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 
Acknowledgments 
The authors acknowledge financial support from the Spanish Agen-
cia Estatal de Investigación under the Ramón y Cajal program (RYC- 
2013-13970), from the Generalitat Valenciana and the European Social 
Fund under the ACIF program (ACIF/2018/233) and BEFPI program 
(BEFPI/2019/030), and from the Universitat Jaume I under the projects 
UJI-A2016-08 and UJI-B2019-50. European Thermodynamics is also 
acknowledged for supplying thermoelectric devices. 
Appendix A. Supplementary material 
Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.apenergy.2021.117287. 
References 
[1] Pourkiaei SM, Ahmadi MH, Sadeghzadeh M, Moosavi S, Pourfayaz F, Chen L, et al. 
Thermoelectric cooler and thermoelectric generator devices: A review of present 
and potential applications, modeling and materials. Energy. 2019;186:115849. 
https://doi.org/10.1016/j.energy.2019.07.179. 
[2] Champier D. Thermoelectric generators: A review of applications. Energy Convers. 
Manag. 2017;140:167–81. https://doi.org/10.1016/j.enconman.2017.02.070. 
[3] Borup KA, de Boor J, Wang H, Drymiotis F, Gascoin F, Shi X, et al. Measuring 
thermoelectric transport properties of materials. Energy Environ. Sci. 2015;8: 
423–35. https://doi.org/10.1039/C4EE01320D. 
[4] Zhang QH, Huang XY, Bai SQ, Shi X, Uher C, Chen LD. Thermoelectric Devices for 
Power Generation: Recent Progress and Future Challenges. Adv. Eng. Mater. 2016; 
18:194–213. https://doi.org/10.1002/adem.201500333. 
[5] Beretta D, Neophytou N, Hodges JM, Kanatzidis MG, Narducci D, Martin- 
Gonzalez M, et al. Thermoelectrics: From history, a window to the future. Mater. 
Sci. Eng. R Reports. 2019;138:100501. https://doi.org/10.1016/j. 
mser.2018.09.001. 
[6] LeBlanc S. Thermoelectric generators: Linking material properties and systems 
engineering for waste heat recovery applications. Sustain. Mater. Technol. 2014;1: 
26–35. https://doi.org/10.1016/j.susmat.2014.11.002. 
[7] G. Min, M. Phillips, Preparation and Characterization of TE Interfaces/Junctions, 
in: John Wiley & Sons, Ltd, 2017: pp. 111–125. https://doi.org/10.1002/ 
9783527698110.ch6. 
[8] De Marchi A, Giaretto V, Caron S, Tona A, De Marchi A, Giaretto V, et al. A Novel 
zT Meter Based on the Porcupine Method and a Survey on the Size of the Snout 
Correction Needed for Various Thermoelectric Devices. J. Electron. Mater. 2013; 
42:2067–72. https://doi.org/10.1007/s11664-013-2530-2. 
[9] De Marchi A, Giaretto V. An accurate new method to measure the dimensionless 
figure of merit of thermoelectric devices based on the complex impedance 
porcupine diagram. Rev. Sci. Instrum. 2011;82. https://doi.org/10.1063/ 
1.3656074. 
B. Beltrán-Pitarch et al.                                                                                                                                                                                                                       
Applied Energy 299 (2021) 117287
11
[10] Hasegawa Y, Homma R, Ohtsuka M. Thermoelectric Module Performance 
Estimation Based on Impedance Spectroscopy. J. Electron. Mater. 2016;45: 
1886–93. https://doi.org/10.1007/s11664-015-4271-x. 
[11] Otsuka M, Terakado H, Homma R, Hasegawa Y, Islam MZ, Bastian G, et al. Thermal 
diffusivity measurement using thermographic method and performance evaluation 
by impedance spectroscopy for thermoelectric module. Jpn. J. Appl. Phys. 2016; 
55:126601. https://doi.org/10.7567/JJAP.55.126601. 
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